Objectives: To determine the potential utility of the frontal assessment battery (FAB) in assessing cognitive impairments in amyotrophic lateral sclerosis (ALS), we investigated the association between the FAB score and regional gray matter volume, and ascertained whether the regional brain alterations related to cognitive impairments occur in relatively mild stage of ALS.
.
Recent studies have shown pathological evidence of a strong association between ALS and FTD (Chang et al., 2005; Mezzapesa et al., 2007) .
Previous authors have suggested that cognitive deficits might appear in ALS patients in varying degrees. A recent study proposed the following classification for frontotemporal syndromes in ALS: ALS-FTD, which meets the Neary criteria for FTD (Neary et al., 1998) ; ALS with behavioral impairment (ALSbi), in which behavioral features are associated with frontotemporal dysfunction; and ALS with cognitive impairment (ALSci), in which impairment is seen in scores on neuropsychological tests sensitive to executive dysfunction (Goldstein & Abrahams, 2013; Murphy et al., 2007) . The cognitive impairments in ALS are mainly associated with executive dysfunction. Thus far, dozens of studies using several neuropsychological tests have demonstrated the presence of frontal cognitive impairments in a substantial proportion of ALS patients without dementia (Goldstein & Abrahams, 2013; Lomen-Hoerth et al., 2003) . However, established tests of frontal cognitive function such as the Wisconsin Card Sorting Test or the Word Fluency Test are relatively time-consuming, difficult, and not feasible for the elderly or for ALS patients with severe physical impairments (Goldstein & Abrahams, 2013) . Therefore, cognitive impairments as assessed by neuropsychological tests of frontal function in ALS patients may reflect task difficulty due to motor impairment (Goldstein & Abrahams, 2013) . Furthermore, because these tests were not designed to detect heterogeneous frontal cognitive involvement, no consensus has been reached on how to assess frontal cognitive impairment when distinguishing ALSci from patients traditionally characterized as ALS without dementia.
The frontal assessment battery (FAB) is a simple and short battery of neuropsychological tests for bedside screening of global executive dysfunction; it includes six subtests that explore different cognitive functions related to the frontal lobe (Dubois, Slachevsky, Litvan, & Pillon, 2000) . To date, the FAB has been used to evaluate frontal lobe dysfunction in patients with ALS and other neurodegenerative disorders (Ahn et al., 2011; Dubois et al., 2000; Floris et al., 2012; Kume et al., 2011; Matsui et al., 2006; Nakaaki et al., 2007; Osborne, Sekhon, Johnston, & Kalra, 2014; Raaphorst et al., 2013) , and the results suggest the presence of frontal cognitive impairments in ALS patients. However, an understanding of the underlying neuroanatomical changes is lacking despite the basic assumption that the regional volumes of particular brain areas should correlate with their functions (Ueda et al., 2010) .
The aim of this study was to investigate the relationship between frontal cognitive dysfunctions detected by the FAB and brain volumes in ALS patients without dementia or depression, and to determine whether the anatomical changes associated with frontal cognitive dysfunctions are influenced by physical and emotional changes related to ALS.
| MATERIALS AND METHODS

| Subjects
Twenty-four subjects with sporadic ALS (13 men and 11 women: mean age ± SD, 66.4 ± 10.6 years; mean disease duration 2.2 ± 1.7 years; all right-handed) were recruited from the Shizuoka Institute of Epilepsy and Neurological Disorders (SIEND). All subjects met the criteria for the diagnosis of probable ALS, probable ALS laboratory-supported, or definite ALS based on the El Escorial criteria (Beghi et al., 2002) .
The exclusion criteria were as follows: (1) subjects whose Mini-Mental State Examination (MMSE) scores were <24, indicating obvious dementia (Tombaugh & McIntyre, 1992) ; (2) subjects whose Self-rating Depression Scale (SDS) score were more than 60, reflecting obvious depression (Holmes, Fouty, Wurtz, & Burdick, 1988) ; (3) the presence of cerebrovascular disease, hydrocephalus, brain tumor, or traumatic brain injury; or (4) subjects with severe physical impairments or respiratory dysfunction, as described below in detail.
We recruited two groups of age-matched healthy controls. All the healthy controls were right-handed. The control group for FAB evaluation consisted of 70 healthy subjects (35 men and 35 women: mean age ± SD, 69.4 ± 5.8 years). The healthy control group for voxelbased morphometry (VBM) analysis included 17 subjects (10 men and 7 women: mean age ± SD, 69.4 ± 5.8 years). None of the controls had any neurological problems, history of head injury, psychiatric disease, serious medical illness, or major surgery. Their Clinical Dementia Rating (CDR) score of zero indicated a lack of dementia (Hughes, Berg, Danziger, Coben, & Martin, 1982) . No significant differences in age, gender, and behavior assessment (by CDR) were found between the two groups of healthy controls.
This study was reviewed and approved by the ethics committee of SIEND. All subjects gave informed consent to participate in the study.
| ALS-related physical assessment
ALS-related physical impairment was evaluated using the revised ALS Functional Rating Scale (ALSFRS) (Cedarbaum et al., 1999) . All patients met the following inclusion criteria: (1) the speech subscore was 4 (normal speech process) or 3 (detectable speech disturbance but intelligible without repeating); (2) the cutting food and handling utensils subscore was 4 (normal praxis in eating) or 3 (somewhat slow and clumsy, but no help needed); (3) the dyspnea subscore was 4 (no dyspnea); (4) the orthopnea subscore was 4 (no orthopnea); and (5) the respiratory insufficiency subscore was 4 (no use of biphasic positive airway pressure or invasive mechanical ventilation by intubation or tracheostomy).
Upon enrollment, four of the 24 ALS patients were bulbar onset, and the remaining 20 patients were patients with spinal onset. All patients met the following inclusion criteria using ALSFRS: (6) the salivian subscore was 4 (normal) or 3 (slight excess of saliva in mouth); (7) swallowing subscore was 4 (normal eating habit) or 3 (early eating problems, occasional choking).
The ventilatory status of each patient was evaluated by a standard respiratory function test (forced vital capacity [FVC] and FVC%, adjusted for each subject's gender, age, and height) and arterial blood gas analytes (pCO 2 , pO 2 , HCO 3 , and Base Excess). The exclusion criteria were as follows: (1) subjects with reduced vital capacity (FVC% < 80);
(2) subjects with hypoxemia (pO 2 < 70 mmHg); or hypercapnia (pCO 2 > 45 mmHg).
| Frontal cognitive evaluation
We used the Japanese version of the FAB, which has been validated as a reliable screening test (Kugo et al., 2007; Nakaaki et al., 2007) .
The FAB consists of six subtests: similarity, lexical fluency, motor series, conflicting instructions, go-no go, and prehension behavior. The score for each subtest ranges from 0 to 3. These scores are added to calculate the total FAB score; hence, the maximum total score is 18. Higher scores reflect better performance (Dubois et al., 2000) .
Because age has significant effects on the FAB score, the age of the subjects should be taken into consideration when evaluating the results (Appollonio et al., 2005) . Therefore, we administered the FAB to both ALS patients and age-matched healthy controls.
In addition, we investigated the frontal lobe-mediated behavioral dysfunction in ALS patients using observer-rating behavioral assessment, the Japanese version of the family-rating Frontal Systems Behavioral Scale (FrSBe) (Grace, Stout, & Malloy, 1999; Yoshizumi, Ueda, Ohigashi, & Murai, 2007) . The patient's current behavior was scored, and raw scores of FrSBe can be transformed into standard T scores adjusted for age and gender. Total score and three subscale for apathy, disinhibition, and executive dysfunction were calculated. The mean T score corresponded to 50 and the standard deviation was set to 10, and mean ± 1SD of the normative value was termed the normal range in this study. High scores indicate higher level of behavioral impairments (Grace et al., 1999; Yoshizumi et al., 2007) .
| MRI acquisition
All participants underwent MRI scans on a 1.5-T scanner (General Electric Healthcare, UK) equipped with a standard quadrature head coil. Three-dimensional T1-weighted images were acquired and T2-FLAIR images were reviewed to exclude potential abnormalities in all participants as described above. The scanning parameters for 
| Statistical analysis
The behavioral data were analyzed using the Statistical Package for Social Sciences version 17 (SPSS Inc, Chicago, IL, USA). Comparison of the FAB scores between the ALS patients and the control group were evaluated with t-tests. Correlations between FAB scores and ALS-related clinical factors (disease duration, ALSFRS, and ventilatory status) were investigated using Pearson correlation coefficients.
The criterion for statistical significance was set at p < .05. All data are presented in the form of mean ± 1 standard deviation (SD).
| Imaging data processing
We applied VBM to investigate regional changes in brain volume, using Statistical Parametric Mapping 8 (SPM8; Wellcome Department of Imaging Neurosciences, London, UK; http://fil.ion.ucl.ac.uk/ spm) software. Specifically, we used The Diffeomorphic Anatomical Registration Through Exponentiated Lie algebra (DARTEL) toolbox running on Matlab 7.5.0 (The MathWorks, Natick, MA, USA). This procedure has been described elsewhere (Kubota et al., 2011; Terada et al., 2016) . Three-dimensional T1-weighted images were segmented into gray matter, white matter, cerebrospinal fluid, skull, soft tissue, and air/background, using the "New Segment" algorithm in SPM8.
The DARTEL approach was used to nonlinearly deform gray and white matter segments and create a series of custom templates from the images of all participants. Nonmodulated gray and white matter segments were normalized to Montreal Neurological Institute (MNI) 152 space and smoothed by a 12-mm full-width-at-half-maximum Gaussian kernel, which has often been used in VBM studies (Miyata et al., 2009; Ueda et al., 2010) .
| Regional gray matter reduction in ALS patients relative to controls
Two-sample t-tests were used to identify brain areas where the ALS group showed a reduction in gray matter relative to the control group in SPM8. Age, gender, and total gray matter volume were treated as covariates of no interest. The voxel-level height threshold was set at p < .001 (uncorrected) in this exploratory analysis. Because the regions of focus were known a priori as areas with ALS pathology according to the previous pathologic and neuroimaging studies (Chang et al., 2005; Mezzapesa et al., 2007) , we explored only within frontal lobe regions.
Therefore, a frontal lobe mask was created anatomically using WFU pick atlas version 2.52 toolbox (http://fmri.wfubmc.edu/software/ PickAtlas) which is available in SPM8 (Figure 1a) , and two-sample t-tests were undertaken using the frontal lobe mask. The result of this group comparison within frontal lobe was used as the final inclusion mask in the following correlation analysis (Figure 1b) . In addition to analyzing gray matter reduction, we analyzed regions in which gray matter increased in the ALS group compared with the control group.
| Correlation analysis
Correlations were analyzed in SPM8 to identify the brain region that positively correlated with the total FAB score of ALS patients. The above mentioned mask was used to include only those voxels with significant group differences in the frontal lobe (Figure 1b) . Age, gender, and total gray matter volume were entered in the design matrix as covariates of no interest. Controls were not subjected to correlation analysis because their FAB scores were not expected to show sufficient variation. The threshold for statistical significance was set at p < .05 (family-wise error [FWE] rate correction at the cluster level). MNI coordinates were transformed into Talairach coordinates (Talairach & Tournoux, 1988) , using the mni2tal.m Matlab script (http://imaging.mrc-cbu.cam.ac.uk/imaging/MniTalairach).
In addition, we further examined the correlation between regional brain volumes and FAB subset scores. Each ALS patient's regional gray matter volume (eigenvariate) for a cluster of significant correlations was extracted using the VOI (volume of interest) function in SPM8. We analyzed the correlation between each eigenvariate and each FAB subtest score using Pearson correlation coefficients (six-subtest of FAB × one cluster of significant correlations) in SPSS. Furthermore, correlations were analyzed using Pearson correlation coefficients between each eigenvariate and ALS-related clinical factors (ALSFRS, respiratory function, arterial blood gas analytes, MMSE, and SDS). Since these analyses were exploratory, no Bonferroni corrections were used. As a rule of thumb, a sample size-to-number of independent variable ratio of 10 was required for multiple regression analysis. Therefore, multiple regression analysis was not used because the sample size was relatively small.
| RESULTS
Demographic and ALS-related clinical factors for the ALS patient and control groups are presented in Table 1 .
| Frontal cognitive ratings and ALS-related physical variables
The total FAB score in patients with ALS was significantly lower than in normal controls. In individual subtests of the FAB, the similarity, lexical fluency, and go-no-go scores were significantly lower in ALS patients than in normal controls (Table 1 ). The apathy subscale of the FrSBe was above the normal range, indicating apparent behavioral dysfunction (Table 1) .
There were no significant correlations between the total FAB score and ALS-related clinical factors, including disease duration, ALSFRS, and ventilatory status (forced vital capacity, FVC%, pCO2, pO2, HCO3, and Base Excess). Furthermore, no significant correlations were found between ALS-related clinical factors and the similarity, lexical fluency, or go-no-go score.
| Regional gray matter reduction in ALS patients relative to controls
Patients with ALS showed significant gray matter reduction relative to controls, predominantly in the bilateral frontal cortex (p < .001, uncorrected) (Figure 1b and Table 2a ). There were no regions in which gray matter significantly increased in ALS relative to controls.
| Correlation analysis
The right orbitofrontal gyrus was identified as the region in which the total FAB score was positively correlated with gray matter volume in the ALS patient group (p < .05, FWE corrected; Figure 2 and Table 2b ).
Of the individual FAB subtest scores, the go-no-go score (r = .452, p = .027), and motor series score (r = .441, p = .031) showed a signifi- 
| DISCUSSION
The aim of this study was to investigate the relationship between regional gray matter volume and frontal cognitive impairments in the patients with ALS. Voxel-based morphometry analysis revealed significant correlation between gray matter volume reduction in the right orbitofrontal gyrus and the total score of FAB devised to evaluate executive dysfunction. In addition, we confirmed that the physical impairments or respiratory dysfunction were not correlated with the FAB score or the orbitofrontal cortex volume. These results suggest that frontal cognitive impairments associated with the regional brain alterations occur, and the FAB is an efficient instrument to screen for frontal cognitive impairment in ALS.
The total FAB score in the ALS group was significantly lower than that in age-matched normal controls. Of the six FAB subtests, there were significant reductions only in the similarity, lexical fluency, and go-no-go scores. Each FAB subtest evaluates a different cognitive function under frontal lobe control, and the total FAB score gives a composite global score (Dubois et al., 2000) . Therefore, in this study, the main effect of group on FAB performance was tested using the total FAB score to reveal the most salient features of global correlation patterns. In addition, frontal lobe-mediated behavioral dysfunction was observed in apathy. These neuropsychological features in ALS were also suggested in previous reports (Ahn et al., 2011; Floris et al., 2012; Goldstein & Abrahams, 2013; Osborne et al., 2014; Raaphorst et al., 2013; Terada et al., 2011 Terada et al., , 2016 . These reports suggest that performance on executive function tests is reduced even in the relatively mild stage of ALS.
We found gray matter volume reduction in the frontal area. This pattern of brain atrophy is in accordance with previous pathologic and neuroimaging studies (Chang et al., 2005; Mezzapesa et al., 2007) .
In ALS patients, reduced frontal lobe function as measured by the FAB was associated with reduced gray matter volume of the right orbitofrontal gyrus. Damage to the orbitofrontal cortex has been linked to problems with disinhibition, perseveration, impulse control, and decision making (Lovstad et al., 2012; Stout, Ready, Grace, Malloy, & Paulsen, 2003) . The difficulty in controlling impulsiveness could be assessed with go-no-go tasks, and a previous study indicated that go-no-go scores were associated with orbital or medial frontal areas (Dubois et al., 2000; Sohn, Ursu, Anderson, Stenger, & Carter, 2000) .
In our study, the score on the go-no-go subtest was associated with the gray matter volume of the right orbitofrontal gyrus. In addition, previous report indicated right dominance in go-no-go task (Dubois et al., 2000; Garavan, Ross, & Stein, 1999; Sohn et al., 2000) . This result is in line with previous studies.
The total FAB score in this study was not correlated with a change in gray matter volume in the dorsolateral or medial frontal area, which contrast with the findings of a previous report (Dubois et al., 2000) , which indicated that each subtests of FAB is associated with specific areas of frontal lobe: similarity scores with dorsolateral area, lexical fluency scores with medial area (Dubois et al., 2000) . We failed to show any relationship between the gray matter volume of the right orbitofrontal gyrus and similarities or lexical fluency scores.
However, injury to the orbitofrontal cortex may impair aspects of verbal intelligence such as verbal fluency or performance on the similarity test by different mechanisms (e.g., perseveration). Indeed, some studies have demonstrated an association between the orbitofrontal cortex and the verbal fluency and similarity tests (Araujo et al., 2011; Lovstad et al., 2012; Ravnkilde, Videbech, Rosenberg, Gjedde, & Gade, 2002) . On the other hands, the motor series score showed a significant correlation with the gray matter volume of the right orbitofrontal gyrus, whereas the motor series score was not significantly lower in ALS patients than in normal controls. Previous study indicated an association between the inferior prefrontal cortex and motor series test (Rao et al., 2008) . These discrepancies might be explained by the reason that our patients had relatively mild cognitive impairment and had mild brain atrophy, and the subtests of the FAB were small range (0 to 3). Therefore, although it was thought that the association between FAB total score and the right orbitofrontal gyrus was driven by the composite characteristic of the each subtest of FAB, our findings suggest that the frontal dysfunction detected by the FAB in relatively mild-stage ALS is mainly associated with the orbitofrontal area.
In most cases, cognitive neuroimaging studies of ALS patients have shown abnormalities mainly in the dorsolateral and medial frontal areas (Goldstein & Abrahams, 2013) . However, we did not find any gray matter reductions in these areas. This might be because our BA, Brodmann's area; FWE, family-wise error; FDR, false discovery rate.
Cognitive deficits in ALS remain challenging to evaluate because physical disability, respiratory dysfunction, or both could exaggerate performance decrements and prevent patients from completing the FAB (Ahn et al., 2011; Goldstein & Abrahams, 2013; Kim et al., 2007; Osborne et al., 2014; Raaphorst et al., 2013) , given that some FAB items inquire about motor function (Dubois et al., 2000) . Most previous studies did not control for physical disabilities in detail.
Furthermore, significant oxygen desaturation can occur, particularly nocturnally which has shown to be related to mild cognitive change (Newsom-Davis, Lyall, Leigh, Moxham, & Goldstein, 2001) , even in individuals with seemingly adequate vital capacities (Kim et al., 2007) . In an attempt to minimize the influence of physical disabilities on testing,
we excluded patients with respiratory dysfunction using both respiratory function test and blood gas analytes or moderate-to-severe motor impairments. In addition, ALS-related clinical factors such as the ALSFRS, respiratory test, or disease duration were not correlated with the total FAB score or the orbitofrontal cortex volume (which was positively correlated with the total FAB score). Although we did not exclude the patients with respiratory failure which starts with nocturnal hypoventilation using polysomnography, the neuroanatomical changes detected here by correlation analysis are unlikely to be explained by ALS-related motor impairment.
Dementia and depression could also contribute to the FAB score when assessing frontal cognitive impairment (Floris et al., 2012; Goldstein & Abrahams, 2013) . Therefore, we excluded subjects with obvious dementia or depression; in addition, there was no significant correlation between the right orbitofrontal gyrus volume and the MMSE or SDS score. This suggests that the neuroanatomical change related to the total FAB score would emerge in the patients with minimal depression or dementia.
However, such association between gray matter alternation and FAB score independent of physical dysfunctions could only be determined in nondemented, nondepressed ALS patients with relatively mild deficits but not in all ALS patients.
In conclusion, this study demonstrates that the frontal cognitive impairments detected by the FAB are related to gray matter atrophy in the orbitofrontal gyrus, even in patients with relatively mild-stage ALS, and these associations are not due to motor impairment, respiratory failure, dementia, or depression. These findings also suggest that cortical ALS pathology might appear in the basal frontal lobe earlier than reported previously (Cosottini et al., 2013) . Because the motor phenotype of ALS is more heterogeneous, further correlation analysis with several stages of ALS patients should be performed to determine whether any relationships between FAB score and the ALSFRS do exist. On the other hand, MMSE is heavily weighted toward memory and attention, and almost ignores executive function. Therefore, we should be cautious about describing the dementia using the MMSE. In the future, it will be necessary to investigate the neuropsychiatric symptoms in ALS patients using established neuropsychological tests. Combined neuroimaging and neuropsychological evaluation could elucidate the neural mechanisms that underlie the cognitive impairments. The FAB is easy to administer at bedside and previous report indicated that there is no significant correlation between FAB and MMSE, a measure of general cognitive function (Dubois et al., 2000) . Our findings show that the FAB is a reliable tool for assessing frontal cognitive impairment in ALS. Therefore, the FAB could be helpful as a screening measure of cognitive impairment in the ALS patients. Because this study is a preliminary, cross-sectional study, the sample size was relatively small; further researches with large samples or longitudinal studies are needed to confirm our results.
